N-Acetylglucosamine (GlcNAc) and N-acetylneuraminic acid (NANA) are good carbon sources for Escherichia coli K-12, whereas N-acetylmannosamine (ManNAc) is metabolized very slowly. The isolation of regulatory mutations which enhanced utilization of ManNAc allowed us to elucidate the pathway of its degradation. ManNAc is transported by the manXYZ-encoded phosphoenolpyruvate-dependent phosphotransferase system (PTS) transporter producing intracellular ManNAc-6-P. This phosphorylated hexosamine is subsequently converted to GlcNAc-6-P, which is further metabolized by the nagBA-encoded deacetylase and deaminase of the GlcNAc-6-P degradation pathway. Two independent mutations are necessary for good growth on ManNAc. One mutation maps to mlc, and mutations in this gene are known to enhance the expression of manXYZ. The second regulatory mutation was mapped to the nanAT operon, which encodes the NANA transporter and NANA lyase. The combined action of the nanAT gene products converts extracellular NANA to intracellular ManNAc. The second regulatory mutation defines an open reading frame (ORF), called yhcK, as the gene for the repressor of the nan operon (nanR). Mutations in the repressor enhance expression of the nanAT genes and, presumably, three distal, previously unidentified genes, yhcJIH. Expression of just one of these downstream ORFs, yhcJ, is necessary for growth on ManNAc in the presence of an mlc mutation. The yhcJ gene appears to encode a ManNAc-6-P-to-GlcNAc-6-P epimerase (nanE). Another putative gene in the nan operon, yhcI, likely encodes ManNAc kinase (nanK), which should phosphorylate the ManNAc liberated from NANA by the NanA protein.
Amino sugars are versatile components of the cell surface structures of bacteria. They form the essential backbone of the peptidoglycan in both gram-positive and gram-negative bacteria and are also constituents of the outer membrane lipopolysaccharide (LPS) layer and the polysaccharide capsules of gram-negative bacteria. The glmS-encoded amidotransferase, glucosamine (GlcN) synthase, is responsible for the de novo synthesis of amino sugars in Escherichia coli, producing GlcN-6-P from fructose-6-P and glutamine. The pathway for the conversion of GlcN-6-P to UDP-N-acetylglucosamine (GlcNAc), the first dedicated precursor of the cell wall components, has been recently elucidated (21) (22) (23) (Fig. 1) . UDP-GlcNAc serves as amino sugar donor in several transferase reactions in the synthesis of peptidoglycan, the core and lipid A moieties of the LPS, enterobacterial common antigen, some O antigens of gram-negative bacteria, and the teichoic acids of gram-positive bacteria (reviewed in references 35, 36, and 44) . Some of the UDP-bound amino sugar in enteric bacteria is subsequently converted to the form of N-acetylmannosamine (ManNAc) and N-acetylmannosaminuronic acid for incorporation of the latter into the enterobacterial common antigen.
In addition to having a structural role, the amino sugars are particularly useful to bacteria as energy sources since they supply both carbon and nitrogen. Both GlcN and GlcNAc are phosphoenolpyruvate-dependent phosphotransferase system (PTS) sugars in E. coli, and the proteins that mediate their uptake (nagE and manXYZ) or degradation (nagBA) have been purified and characterized (4, 9, 26, 40, 50) . The genes encoding the GlcNAc-specific PTS transporter (nagE) and the enzymes which convert GlcNAc-6-P to GlcN-6-P and fructose-6-P (nagBA) (Fig. 1 ) are arranged in divergent operons controlled by the nagC-encoded repressor (33) . In addition, the genes for the biosynthesis (glmS) and degradation (nagB) of GlcN-6-P are expressed in a coordinated manner so that in the presence of amino sugars, the catabolic enzymes are induced and the expression of glucosamine synthase is decreased (32) .
The amino sugars are ubiquitous and abundant in nature (e.g., chitin is a ␤1,4-linked homopolymer of GlcNAc) and are present in a range of both simple and complex biopolymers. Most glycoconjugates (glycoproteins and glycolipids) of mammalian cell surfaces contain amino sugars, including sialic acid residues, where the oligosaccharide chains of these conjugates are important ligands for cellular recognition. The sialic acids are a series of N-and O-substituted derivatives of N-acetylneuraminic acid (NANA), a compound which is formed by the condensation of ManNAc and pyruvate (see references 43 and 49 for reviews). Certain bacteria are capable of degrading the complex oligosaccharide chains of glycoconjugates, and many bacteria, including enteric bacteria like E. coli K-12, can use sialic acid as a source of carbon (47) and nitrogen (45) . In contrast to this widespread catabolic pathway in bacteria, only relatively few, mostly pathogenic, species are able to synthesize sialic acid for subsequent incorporation into surface structures, e.g., the capsular polysialic acid virulence factors of E. coli K1 and Neisseria meningitidis (46) . Although the E. coli genes encoding a sialic acid transporter (nanT) and N-acetylneuraminate lyase (nanA) have been sequenced (19, 29) and characterized both genetically and physiologically (1, 37, 47, 48) , the subsequent fate of the ManNAc liberated by the lyase has not been determined for any bacterium. In this communication, we present the results of an investigation of the pathway of ManNAc utilization in E. coli K-12.
MATERIALS AND METHODS
Bacteriological techniques. The bacterial strains used are listed in Table 1 . The ability of bacteria to use different sugars as carbon sources was tested on minimal A plates (24) supplemented with 0.2% GlcNAc, 0.2% ManNAc, or 0.1% sialic acid. Morpholinepropanesulfonic acid (MOPS) minimal medium (27) was used for liquid cultures. The glmS::Tc mutation was constructed by replacing the 700-bp BglII fragment within the glmS gene of pGM7 (8) with a tetracycline resistance cassette and recombining the interrupted gene onto the chromosome as described previously (31) . The manXYZ::Tn9 mutation is derived from strain NK6702 (man-6::Tn9) from the E. coli Genetics Stock Center. Although described as a probable mutation in manA (encoding phosphomannose isomerase), the Tn9 is clearly within the manXYZ operon since its introduction into a nagE strain produces a strain that is unable to grow on GlcNAc but still grows (poorly) on mannose. P1 transductions were carried out with P1vir. Lysogenizations with the bacteriophage carrying the nagB-lacZ fusion (RS/EB [ Table 2 ]) and ␤-galactosidase assays were carried out as described previously (34) .
Mapping ama mutations affecting use of ManNAc. Random insertion of miniTn10cam or Tn10kan transposons into strain IBPC1001 (IBPC5321 ptsG22 zcf229::Tn10 mlc::Tn10kan ama-1) was performed by transposition from NK1324 and NK1316 (14) . Transductants were selected on LB-chloramphenicol or LB-kanamycin plates and then gridded onto plates carrying the same antibiotic. The grids were replica plated onto minimal ManNAc medium to screen for those which had lost the capacity for rapid growth on ManNAc. Mutations in nagB, nagA, or manXYZ, besides loss of the mlc or ama mutation, could lead to loss of good growth on ManNAc. Mutations in these genes were eliminated by screening for GlcNAc ϩ (nagBA ϩ ) and Man ϩ (manXYZ ϩ in the ptsG background) and mlc::Tn10kan. Of 500 transductants tested, 22 failed to grow on minimal ManNAc plates, but the majority (19) also failed to grow on minimal glucose plates and so probably carried minitransposons producing amino acid auxotrophic mutations. One mini-Tn10cam, Tn10cam11 (IBPC1011), was a candidate for linkage to ama-1. To locate other mini-Tn10 insertions near the ama region and also to avoid the problem of finding ManNAc Ϫ mutations due to auxotrophies or mutations in other genes affecting ManNAc metabolism, we performed a second round of mutagenesis, using NK1316, on strains IBPC1022 and IBPC1024 to search for Tn10kan inserts which had lost the Tn10cam11 insertion. Regions of the chromosome adjacent to the mini-Tn10 insertions were amplified by PCR after digestion with RsaI or TaqI and circularization. The amplified fragments were sequenced by using primers complementary to sequences within the miniTn10 (28).
Detection of an mlc mutation in IBPC5321. The mlc::Tc mutation has been shown to enhance expression of a manX-lacZ fusion threefold (30) . However, the introduction of the mlc::Tc mutation into IBPC5321 carrying the same manXlacZ fusion had no effect on manX expression (approximately 90 U in both strains). Replacing the mlc::Tc mutation with wild-type DNA from IBPC1008, using the adjacent nth1::Km marker, reduced expression of the manX-lacZ fusion to 27 U. This effect on manX expression, together with the observation that IBPC5321 behaves like strains carrying an mlc mutation for growth on ManNAc (formation of papillae), shows that IBPC5321 carries an uncharacterized mlc mutation, mlc-1.
Plasmids. Plasmid pSX600, carrying the nanAT genes and several kilobases of downstream DNA, was described previously (19) . Oligonucleotides Nan1, Nan3, Nan4, Nan5, and Nan6 were used to amplify the fragments Nan4-6, Nan4-5, and Nan1-3 ( Fig. 2) , using Pwo, a thermoresistant polymerase with increased fidelity (Boehringer). The fragments were purified from agarose gels by using Jetsorb (Bioprobe). The Nan4 oligonucleotide includes a BamHI site. The Nan4-5 fragment was digested with BamHI and EcoRV (site near Nan5 [ Fig. 2] ) and inserted into pTZ18R digested with BamHI and HincII. The Nan4-6 fragment was digested with BamHI and EcoRI (EcoRI site near Nan6) and inserted into pTZ19R digested with the same enzymes. The Nan1-3 fragment was digested with SspI and HindIII and inserted into pTZ18R digested with HincII and HindIII. The cloned fragments in these plasmids were excised as EcoRI-to-HindIII fragments and inserted into pBR322 digested with the same enzymes, to give pBR(Nan4-5) (expressing yhcJ), pBR(Nan4-6) (expressing yhcJIH), and pBR(Nan1-3) (expressing yhcK).
Transport assays. Uptake of sialic acid and ManNAc by different E. coli strains was determined essentially as described previously (47) . Briefly, bacteria were grown to an A 600 of 0.4 to 0.5 in minimal M63 medium containing 0.4% glycerol as the sole carbon source and then washed twice with an equal volume of M63 before resuspension to a final A 600 of approximately 0.5 in the same medium. Transport was initiated by adding 0.1 ml of [9- 3 H]NANA or [6-3 H] ManNAc plus cold carrier sugar to 0.9 ml of bacterial culture at 37°C to give a final concentration of 0.1 mM NANA (7,000 cpm nmol Ϫ1 ; New England Nuclear) was a kind gift from Tom Warner. The free, labeled sugar was prepared from its nucleotide derivative by mild acid hydrolysis as previously described (47) .
RESULTS
Good growth on ManNAc requires two mutations in E. coli K-12. Most strains of E. coli K-12 grow very slowly on minimal plates containing the rare amino sugar mannosamine, ManNAc, galactosamine, or N-acetylgalactosamine as the carbon source, with only faint growth seen after 4 to 8 days. However, in the case of strain IBPC5321, and strains derived from it, growing on minimal ManNAc plates, we observed large isolated colonies (papillae) appearing within the smear of slowly growing bacteria. Upon reisolation of papillae on minimal ManNAc medium, the bacteria continued to grow well, producing good-sized colonies after 24 to 36 h. The increased growth rate selected on ManNAc was a stable genetic character; the mutant bacteria retained the ability to grow well on ManNAc medium after several passages on LB or minimal glucose plates (i.e., on nonselective medium).
Strain IBPC5321 was found to carry a spontaneous mutation in gene mlc (see Materials and Methods). Mlc is a DNA binding protein with homology to the NagC regulatory protein (13) . It has been shown recently to control the expression of manXYZ, which encodes a PTS transporter with broad sugar specificity including mannose, glucose, fructose, GlcNAc, and GlcN (30) . Introduction of an mlc null mutation, mlc::Tc or mlc::Tn10kan, into bacteria from other genetic origins (e.g., JM101, Ymc, or MC4100) allowed the appearance of the fastgrowing papillae of ManNAc ϩϩ colonies when these bacteria were streaked to minimal ManNAc plates ( Table 1 ). The appearance of fast-growing colonies in the mlc background suggested that a second spontaneous mutation was occurring at FIG. 1. Pathway for the metabolism of GlcNAc and proposed pathway for the degradation of ManNAc and NANA (sialic acid). GlcNAc is transported by both the manXYZ-encoded transporter and its own specific transporter, encoded by nagE, producing intracellular GlcNAc-6-P, which is degraded by the nagAand nagB-encoded enzymes. The biosynthetic pathway producing UDP-GlcNAc for incorporation into cell wall components involves the glmS, glmM, and glmU gene products. ManNAc is taken up by the manXYZ transporter, producing intracellular ManNAc-6-P. NANA is taken up as the free sugar by a sugar-cation symporter encoded by nanT. Inside the cell, NANA is cleaved by the aldolase encoded by nanA to give ManNAc and pyruvate. The results of this study allow us to propose that intracellular ManNAc is phosphorylated to ManNAc-6-P, which is subsequently converted to GlcNAc-6-P, the substrate of the nagAencoded deacetylase. Thus, the pathways for degradation of NANA, ManNAc, and GlcNAc converge at the level of GlcNAc-6-P.
high frequency (about 1 in 10 4 ); we designated this mutation ama (referring to ManNAc). The doubling times for the different ama strains in minimal ManNAc medium at 37°C were between 90 and 130 min, compared to at least 6 h for JM101. There was no effect of the ama mutations on growth on GlcNAc, with doubling times remaining at 50 min for JM101 and IBPC1016 (mlc ama-6).
ManNAc utilization requires the manXYZ and nagBA gene products. The observation that an mlc mutation is necessary for good growth on ManNAc suggested that the manXYZ transporter, controlled by Mlc, might be responsible for the entry of ManNAc into the cell. In agreement with this hypothesis, strains derived from IBPC5321 carrying mutations in manXYZ (IBPC567 and IBPC707) failed to produce the fastgrowing colonies in the background smear; indeed, there was no background growth (Table 1) . Similarly, mutations in nagA and nagB (encoding the two enzymes necessary for degradation of GlcNAc-6-P; strains IBPC546 and IBPC531) also eliminated growth on ManNAc, whereas mutations in nagE, encoding the GlcNAc-specific transporter (strain IBPC542), ptsG, encoding another transporter for glucose and mannose (IBPC720), or nagC, encoding the repressor of the nagE-BA operons (IBPC529C), had no effect on the formation of the papillae (Table 1) . These results suggest that after transport by the manXYZ PTS, the intracellular ManNAc-6-P is converted to fructose-6-P by the nagA and nagB gene products.
To confirm our conclusion that the manXYZ and nagBA genes are essential for ManNAc utilization, mutations in nagB, nagA, and manXYZ were transduced into the ama strain IBPC1017. The nagB::Km, nagA::Cm, and manXYZ::Tn9 mutations eliminated all growth on ManNAc. Reintroduction of the mlc ϩ allele (via cotransduction with the adjacent nth1::Km mutation) eliminated the rapid growth on ManNAc but still allowed slow background growth. The manA gene encodes phosphomannose isomerase, which is necessary for use of mannose as carbon source. The manA gene maps near mlc, and a chromosomal deletion, ⌬1646(dgsA-manA) (25, 38) , removes both mlc (ϭdgsA [30] ) and manA. Introduction of this deletion into IBPC1017 produced bacteria which were, as expected, unable to grow on mannose but still capable of growth on ManNAc. These data show that (i) ManNAc is taken up by the mannose PTS and (ii) its degradation requires the nagBA gene products and hence proceeds via GlcNAc-6-P and GlcN-6-P, without involvement of mannose-6-P. Growth on ManNAc induces nag gene expression. Further evidence for the involvement of GlcNAc-6-P in the utilization of ManNAc comes from the observation that growth of the ManNAc ϩϩ strains on ManNAc induces the nag genes. Two ManNAc ϩϩ strains (IBPC1016 and IBPC1059) were lysogenized with bacteriophage RS/EB, carrying a nagB-lacZ fusion. Levels of expression of the fusion were compared during growth on ManNAc and GlcNAc. Growth on ManNAc was clearly slower than growth on GlcNAc, but there was a strong increase in the expression of the nagB-lacZ fusion ( Table 3) . The inducer for the NagC repressor is GlcNAc-6-P (31), showing that growth on ManNAc produces amounts of GlcNAc-6-P that are sufficient to displace NagC from its operators.
ManNAc can supply amino sugars for cell wall components. The glmS gene, encoding GlcN-6-P synthase, is essential for growth of E. coli in the absence of an exogenous supply of amino sugars for peptidoglycan and LPS biosynthesis. IBPC750 (derived from the mlc-1 strain IBPC5321) carries a null mutation in glmS (glmS::Tc) and cannot grow on minimal medium plates in the absence of GlcN or GlcNAc. On minimal ManNAc plates, this strain behaved like IBPC5321, producing papillae in the background growth, characteristic of the ama mutations. On subsequent purification, these colonies continued to grow well on ManNAc but failed to grow on minimal glucose plates. These observations strongly suggest that ManNAc can substitute for GlcN or GlcNAc in a glmS mlc strain and that use of ManNAc proceeds via GlcN-6-P since this is the substrate for the enzymes encoded by glmM and glmU, which convert GlcN-6-P to UDP-GlcNAc, the first committed compound for the cell wall components (22, 23) .
Mapping the ama mutations. To map the ama mutation in IBPC1001 (ama-1), we selected mini-Tn10cam transposons which eliminated the ability of this strain to grow rapidly on minimal ManNAc plates. One mini-Tn10cam isolated by this procedure was a candidate for linkage to ama-1 (strain IBPC1011 [Tn10cam11]). To confirm the linkage between ama and the transposon, P1 phage grown on IBPC1011 was used to transduce the Tn10cam11 marker to five other, independently isolated ManNAc ϩϩ (Ama Ϫ ) strains. All Ama Ϫ strains tested (IBPC904, IBPC905, IBPC1016, IBPC1017, and IBPC1018) were transduced to Ama ϩ with cotransduction frequencies of 30 to 60%.
To locate other mini-Tn10 insertions, a second round of mini-Tn10 mutagenesis was undertaken with P1 grown on pools of mini-Tn10kan to screen for an insert which removed the Tn10cam11. Four such Tn10kan inserts were isolated and designated Tn10kan27, -28, -29, and -33 (Table 1) . Tn10kan27, -28, and -29 were found to be about 50% contransducible with ama-7 and 90% cotransducible with Tn10cam11. The locations of three of the mini-Tn10 inserts on the chromosome were found by the method of inverse PCR amplification, after digestion with RsaI and circularization. Regions adjacent to the mini-Tn10 inserts on the amplified fragment were then sequenced with an internal primer (28) . This located Tn10cam11 in gltD at 72.4 min and Tn10kan27 and -28 in the nearly adjacent unidentified open reading frame (ORF) yhcA at 72.45 min.
ama mutations map to the nanAT locus. The nanAT gene encoding NANA lyase (nanA) and the NANA transporter (nanT) are located at 72.7 min, i.e., in the same region of the chromosome to which the ama ϩ mutations were mapped. It should be recalled that NANA is the condensation product of ManNAc and pyruvate. The sequence of the complete E. coli genome suggested that the nanAT operon also includes three other downstream genes, yhcJ, yhcI, and yhcH (encoding ORFs of 229, 302, and 154 amino acids). Upstream of nanAT there is another unidentified gene, yhcK (263 amino acids) (Fig. 2) .
Plasmid pSX600 carries nanAT and several kilobases of downstream DNA (Fig. 2) (19) . To determine whether the ama mutations mapped to the nan region, the effect of this   FIG. 2 . Gene organization in the nanAT region of the E. coli chromosome. The relative positions of the ORFs around the nanAT genes as deduced from the E. coli genomic sequence are shown. A promoter, shown by a bent arrow, has been proposed to lie upstream of nanA. The yhcK (nanR) gene is transcribed in the same direction, but no promoter has yet been localized. Locations of the oligonucleotides Nan1 to Nan6 are shown with the arrowhead at the 3Ј end. The extent of the cloned DNA in the plasmids is indicated by the horizontal lines. Only restriction enzyme sites used in the clonings are indicated. The BamHI site is not present in the chromosomal sequence but was created from a XhoII site by using the Nan4 oligonucleotide. plasmid was tested on the growth of a series of wild-type, mlc, and mlc ama strains (JM101, IBPC1012, IBPC1016, and IBPC1013) on ManNAc (Table 4) . Interestingly, plasmid pSX600 did not affect the growth of the mlc ama (ManNAc ϩϩ ) strain, IBPC1016, on ManNAc but did allow mlc strains (IBPC1012 and IBPC1013) to grow somewhat better than the wild type on ManNAc. The plasmid seemed to eliminate the papillae and produced uniform slow growth on ManNAc. One possible explanation was that plasmid pSX600 was supplying a function which was also supplied by the ama mutation. Plasmids carrying the equivalent chromosomal region from Salmonella typhimurium (45) were found to have a similar effect on ManNAc growth in E. coli. In particular, a plasmid carrying just the 3Ј half of the Salmonella nanT gene and downstream DNA, presumed to carry the three unidentified genes, also conferred good growth on ManNAc to mlc strains IBPC1012 and IBPC1013. It thus seemed possible that the function supplied by the ama mutations was also provided by a plasmid carrying the genes downstream of the nanAT operon. To confirm this result with E. coli DNA, two fragments were cloned from JM101 chromosomal DNA after amplification by PCR. One plasmid, pBR(Nan4-6), carried the three genes yhcJIH, while the second, pBR(Nan4-5), carried just yhcJ (Fig. 2) . Both plasmids allowed rapid growth of mlc strains on ManNAc (Table 4) .
The ama-7 mutation enhances nanAT expression. In the presence of an mlc mutation, either an ama mutation or the presence of yhcJ on a multicopy plasmid is sufficient for good growth on ManNAc. One possible explanation of the mode of action of the ama mutations is that they are regulatory mutations activating the expression of genes downstream of the nanAT operon. The high frequency of the ama mutations suggested that they could arise by insertion of a mobile genetic element either knocking out a repressor or supplying a promoter to induce expression of the downstream genes. A promoter with putative Ϫ35 and Ϫ10 sequences has been postulated to lie immediately upstream of nanA (29) , and inspection of the DNA sequence suggests cotranscription of nanAT yhcJIH (Fig. 2) . Further upstream is a gene (yhcK) with homology to a series of putative transcriptional regulators including the uxuR gene (the regulator of the uxu operon for the catabolism of uronic acids). On the basis of this homology, it is reasonable to think that YhcK may be involved in regulating the expression of the downstream nan operon. Chromosomal DNA from the ama mutants was screened for insertions of DNA in this region by PCR using oligonucleotides which flanked yhcK and the nanA promoter region (Fig. 2) . Chromosomal DNA from IBPC1001 and IBPC1017, carrying the ama-1 and ama-7 mutations, respectively, was found to have an approximately 1.5-kb insertion in the region corresponding to the PCR fragment Nan1-3, whereas the Nan1-2 fragment, covering just the promoter region, was the same size as the wild type. The Nan1-3 fragment from the other four characterized ManNAc ϩϩ strains was of wild-type size. This result indicates that in two of the six ama strains, a DNA insertion had occurred in the region defined by oligonucleotides Nan2 and Nan3 and so was likely to inactivate yhcK.
If this insertion was increasing the expression of the nanAT operon, then it should have been measurable as an effect on sialic acid utilization or uptake in cells which had not been induced by growth on NANA. Transport assays were carried out on IBPC1017 (mlc::Tc ama-7) and the related strains Ymc (mlc ϩ ), IBPC1013, (mlc::Tc), and IBPC1047 (mlc ϩ ama-7). The presence of the ama-7 mutation, in either the presence or the absence of the mlc mutation, resulted in at least 20-foldenhanced NANA uptake, whereas the mlc mutation had no effect on NANA uptake but did give a small increase in uptake of ManNAc, as expected from its role of enhancing manXYZ expression ( Table 5 ). The relatively greater uptake of ManNAc in the mlc strain (IBPC1013) than the mlc ama-7 strain (IBPC1017) could be because there is some loss of label through subsequent metabolism of the ManNAc-6-P in the latter, ManNAc ϩ strain. The results of the uptake assays confirm our hypothesis that the mlc and ama-7 mutations increase ManNAc uptake and nan operon expression, respectively.
The yhcK gene product represses growth on ManNAc. The yhcK gene, carried on PCR fragment Nan1-3, was cloned from JM101 and tested for an effect on the ama strains. The presence of pBR(Nan1-3) prevented growth of IBPC1016 and IBPC1017 on ManNAc (Table 4) , and it, but not pBR322, also eliminated the high-level uptake of NANA in strains IBPC1017 and IBPC1047 (data not shown), showing that it could complement the ama mutation in trans. Furthermore, this plasmid eliminated, or at least drastically reduced, the formation of papillae when IBPC1012 harboring pBR(Nan1-3) was grown on ManNAc. The simplest interpretation of these results is that the ama mutations are predominately mutations in the putative Nan repressor gene, yhcK, which should be renamed nanR.
DISCUSSION
The pathway of ManNAc degradation in E. coli. Unlike the two common amino sugars GlcN and GlcNAc, ManNAc seems not to be efficiently used as a carbon source by wild-type E. coli K-12. In contrast, experiments described here show that mlc ama double mutants of E. coli are capable of reasonably rapid growth on ManNAc, exhibiting doubling times of about 90 to 
a Bacteria were transformed with the plasmids indicated by selecting for ampicillin resistance on LB plates and then tested for growth on minimal ManNAc plates. Plates used for testing for repression by pBR(Nan1-3) contained 0.1 mg of ampicillin ml
Ϫ1
. b Ϫ, no growth; ϩ, slow background growth; ϩϩ, medium uniform growth; ϩP, papillae (formation of isolated large colonies during slow background growth); ϩϩϩ, good growth on ManNAc; NT, not tested. 130 min at 37°C, depending on the genetic background. This range represents doubling times similar to that on GlcN (90 to 100 min in an mlc background) but greater than that on GlcNAc (50 min). We show here that the efficient utilization of ManNAc depends on the two mutations mlc and ama to activate the otherwise cryptic pathway.
The role of the mlc mutation would appear to be to increase the expression of the manXYZ-encoded transporter (Table 5) . Mlc has been shown to be a repressor for this operon, and an mlc mutation enhances manXYZ expression threefold (30) . The ManXYZ transporter shows a wide substrate specificity, transporting glucose, mannose, GlcN, and GlcNAc; it is thus not surprising that it can also transport ManNAc. Neither ptsG (PTS transporter of mannose and glucose) nor nagE (GlcNAcspecific transporter) can substitute for manXYZ. It had been established many years ago, by the work of Roseman's laboratory, that ManNAc is a PTS sugar; it was one of the first sugars used to demonstrate the PTS (15) , and mutations in the ptsH and ptsI genes eliminated this phosphorylation (39) . The first purified enzyme II preparation was capable of phosphorylating ManNAc, suggesting that it was predominately the manXYZencoded complex (16) . It is perhaps surprising that a threefold increase in manXYZ expression can produce such a significant increase in growth rate on ManNAc unless the metabolic equipose of this amino sugar is such that a small increase in uptake, coupled with derepression of nanE, is sufficient to stimulate ManNAc catabolism to an extent compatible with the observed growth of mlc ama double mutants. At the moment, we cannot say if the sole role of the mlc mutation in allowing growth on ManNAc is to enhance manXYZ expression or whether it also affects some other genes involved in ManNAc utilization. However, the results of the NANA transport assay in Table 5 seem to exclude a direct role of Mlc on nan operon expression.
The second mutation, ama, required for good growth on ManNAc maps to near the nanAT operon region. The ama mutations occur at high frequency in the mlc background, and all of the six mutations that have been studied have mapped to this same locus near nanAT. The ama mutation can be replaced by a plasmid carrying an ORF from downstream of the nanAT genes (yhcJ). Our interpretation of the data is that the frequently occurring ama mutations are regulatory mutations (either inactivating a repressor or providing a cis-acting promoter mutation) which allow the expression of nanAT and the previously uncharacterized downstream genes of this operon. This interpretation allows us to explain how plasmid-carried genes can replace the ama mutation: the plasmid is an alternative method of enhancing nan operon expression in the absence of either a regulatory mutation or the specific nan operon inducer, presumably sialic acid (47) . The ama-7 mutation was shown to increase the expression of the nanT-encoded sialic acid transporter at least 20-fold. This same mutation was shown to be an insertion of 1.5 kb of DNA in the gene for the putative Nan transcriptional repressor, yhcK, which we propose to rename nanR. Plasmids carrying this ORF complemented the Ama Ϫ phenotype since they eliminated the good growth on ManNAc. Moreover, they prevented the appearance of all but a few papillae in the mlc strain IBPC1012, implying that the majority of the ama mutations are mutations inactivating the Nan repressor.
What is the function of the uncharacterized gene, yhcJ, whose product is necessary for ManNAc utilization? The experiments described above allow us to deduce the following pathway for ManNAc metabolism (Fig. 1) . Transport of ManNAc by the manXYZ PTS transporter produces ManNAc-6-P. The requirement for the nagBA gene products strongly suggests that ManNAc-6-P is converted to GlcNAc-6-P, which is subsequently degraded to GlcN-6-P and then to fructose-6-P and NH 3 via the nagA-encoded GlcNAc-6-P deacetylase and nagB-encoded GlcN-6-P deaminase, respectively. The missing step in the pathway for ManNAc degradation, and thus the function potentially supplied by the ama mutation or yhcJ on a plasmid, should be the conversion of GlcNAc-6-P to ManNAc-6-P. The alternative hypothesis that ManNAc-6-P is itself a substrate for the nagA-encoded deacetylase does not seem reasonable. GlcNAc is a C2-N-acetyl-substituted sugar, whereas its 2-epimer, ManNAc, has the other configuration of the Nacetyl-substituted sugar ring, which means that the acetyl group to be removed by the deacetylase is positioned on opposite sides of the molecule in the two sugars. It is unlikely that sugars with these two configurations can be positioned identically in the catalytic site of the deacetylase, and hence ManNAc-6-P should not be a substrate for NagA. Moreover strain IBPC529C, carrying a nagC mutation plus the mlc-1 mutation, grows like IBPC5321, producing papillae on ManNAc. Since the nagC mutation causes a 40-fold induction of the nagA-encoded deacetylase (31), this result indicates that GlcNAc-6-P deacetylase is incapable of degrading ManNAc-6-P. We conclude that the step for which no gene product is assigned for the utilization of ManNAc is the conversion of ManNAc-6-P to GlcNAc-6-P and that the yhcJ gene immediately downstream of the nanT is a candidate to supply this ManNAc-6-P epimerase function. The putative epimerase shows no significant homology with other proteins in the databases except an equivalent ORF (HI0145) in the nan-nag region of the Haemophilus influenzae chromosome and an uncharacterized ORF in the genome of Borrelia burgdorferi. The epimerase could thus be a member of a new family of enzymes.
Over 30 years ago, an enzyme with the function of converting GlcNAc-6-P to ManNAc-6-P was partially purified from Aerobacter cloacae, and the same activity was detected in other bacterial species, including E. coli B and K1 (10) . Preliminary experiments show that extracts of strains with YhcJ overproduced from a multicopy plasmid have increased capacity to convert GlcNAc-6-P to ManNAc-6-P (45), and we propose that the yhcJ gene, encoding this epimerase function, be named nanE. It is also relevant to our current findings that the ManNAc epimerase activities which have been detected in mammalian tissues function on the free sugar and not the -6-phosphate derivative (5, 11, 20) , whereas E. coli and presumably other prokaryotes lack this activity. In yeast, growth on ManNAc was shown to induce GlcN-6-P deaminase indicating that in this lower eukaryote, ManNAc is also converted to GlcN (2). Biswas et al. (2) also detected a ManNAc epimerase and GlcNAc kinase, suggesting that the pathway involved uptake of the free sugar, followed by its conversion to the GlcNAc epimer prior to its phosphorylation.
Implications for the metabolism of sialic acid. The nan operon in E. coli potentially contains five genes: nanAT, the putative nanE epimerase gene, yhcJ (described above), plus two other downstream genes (Fig. 1) . The first of these other genes, yhcI, encodes a protein homologous to NagC, Mlc, and other proteins of the so-called ROK (repressor, ORF, and kinase) family (42) . This family consists of two classes of proteins: the transcriptional regulatory proteins exemplified by NagC and XylR, and the somewhat smaller proteins encoding sugar kinases which are missing the N-terminal helix-turn-helix DNA binding domain present in the transcription factors. The yhcI-encoded protein belongs to this latter class and would be expected to encode a sugar kinase. YhcI is also homologous to the ManNAc kinase domain of the bifunctional UDP-GlcNAc 2-epimerase/ManNAc kinase from mammalian liver (12, 41) and includes (from residues 15 to 30) one of two phosphate binding (ATPase) regions found in a range of hexose kinases. The nanA-encoded aldolase (NANA lyase) generates free intracellular ManNAc and pyruvate from sialic acid. It is tempting to speculate that the substrate for the putative yhcI-encoded kinase is this internally liberated ManNAc, thus generating ManNAc-6-P, the substrate of the epimerase predicted to be encoded by the upstream gene. We propose to name this gene nanK.
The existence of the putative genes for the ManNAc kinase and epimerase function within the nanAT operon allows the metabolic pathway for use of sialic acid to converge with that of ManNAc and GlcNAc at the common intermediate GlcNAc-6-P (Fig. 1) . Evidence that the metabolism of sialic acid does pass via the pathway of GlcNAc utilization is that growth on sialic acid, like that of ManNAc, replaces the amino sugar requirement of glmS strains, requires the nagBA genes, and results in strong induction of the nagE and nagB operons as measured by a nagB-lacZ fusion (Table 3) . Sialic acid use in viridians streptococci also induces the nag degradative genes (3). Byers et al. (3) proposed a pathway similar to that shown in Fig. 1 but could not distinguish between an epimerization of ManNAc to GlcNAc at the level of the free sugar or on the -6-P form. The experiments described here, plus the early work of Ghosh and Roseman (10) , show that in E. coli and probably other bacteria, ManNAc-6-P is the substrate of the epimerase.
Other circumstantial evidence supporting our conclusion that the sialic acid and GlcNAc pathways overlap is that in H. influenzae, the nagBA genes are clustered with the nanA gene (encoding a putative NANA lyase) as well as homologues of the two genes we propose as the ManNAc kinase and epimerase genes, yhcI (HI0144) and yhcJ (HI0145). The gene order in H. influenzae (yhcJ, yhcI, HI0143, nanA, nagB, nagA) is somewhat different from that in E. coli (Fig. 2) but suggests a remarkable grouping of related functions. H. influenzae can grow on sialic acid but is unable to use GlcNAc as a carbon source (17) , implying that the nagBA genes may be present solely for the degradation of the GlcNAc-6-P generated intracellularly from sialic acid (18) .
The final ORF of the putative nan operon in E. coli (yhcH) shows no strong homology with any proteins in GenBank except an ORF in H. influenzae (HI0227), two ORFs (YigK and YiaL) in E. coli, and an ORF (ORF-1) in Streptococcus pneumoniae. The HI0227 gene is not located in the nan-nag region of H. influenzae. At the moment, we cannot propose any function for YhcH or its homologues.
E. coli seems to be fully equipped to deal with GlcNAc and sialic acid present in the environment, with separate genes for the transport and metabolism of the sugars. GlcNAc is expected to be found in both free-living and animal environments, whereas sialic acid would be present in the host (49) . In contrast to the efficient use of these two sugars, ManNAc metabolism seems to rely on part of the sialic acid pathway which itself converges with the GlcNAc pathway. The fact that reasonable growth rates on ManNAc requires mutations in two regulatory loci to increase the expression of the transporter (mlc) and the epimerase (ama) suggests that E. coli is not specially adapted to use ManNAc per se but degrades this sugar only as part of the sialic acid dissimilatory pathway. The proposed pathway for sialic acid utilization requires that ManNAc, generated intracellularly from the action of the nanT and nanA gene products, be a substrate for phosphorylation by the nanK (yhcI) and epimerization by the nanE (yhcJ) gene products. Expression of the operon appears to be subject to negative control by a repressor encoded by the nanR (yhcK) gene located upstream of the operon. Previous results (47, 48) now suggest that sialic acid induces the nan operon by binding to NanR. Since NanR lacks obvious homology to other known sialic acid binding proteins, determining the exact interaction of NANA with the repressor should provide new insight into the structure and function of sialic acid recognition macromolecules. Work is in progress to confirm and extend these predictions through analyses of the nan-encoded proteins.
